Dynamics of Charge Leakage Prom Self-assembled CdTe Quantum Dots 
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We study the leakage dynamics of charge stored in an ensemble of CdTe quantum dots embedded 
in a field-effect structure. Optically excited electrons are stored and read out by a proper time 
sequence of bias pulses. We monitor the dynamics of electron loss and find that the rate of the 
leakage is strongly dependent on time, which we attribute to an optically generated electric field 
related to the stored charge. A rate equation model quantitatively reproduces the results. 
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Quantum information processing using semiconductor 
self-assembled quantum dots (QDs) requires a precise 
control over writting, storage, and readout of electrons 
from these nanostructures. An experimental testbed 
for these processes involve QDs embedded in field-effect 
structures. In such devices, storage of charge carriers 
was demonstrated and shown to persist over timescales 
exceeding seconds^ or even hours^i. Optical orientation of 
carrier spins allowed to realize a programmable QD mem- 
ory device and exploit it in measurements of longitudi- 
nal spin relaxation rates of electrons^ and holes^. More- 
over, storage and readout of charge and spin from a single 
QD was demonstrated^. It has been pointed out that 
the leakage of charge from these structures stems from 
thermal^ or tunnel escape^, photoinduced discharging!, 
or capture by deep levels in the barrier—. These pro- 
cesses result inevitably in an information loss and there- 
fore their role has to be evaluated and carefully taken 
into account in designing of any future devices. 

In this report, we study the escape dynamics of elec- 
trons stored in a layer of self-assembled CdTe QDs. We 
identify the escape mechanism as electron tunneling and 
propose a theoretical model, which quantitatively repro- 
duces our experimental results. In particular, we address 
the importance of an optically generated electric field re- 
lated to the charge stored in the QDs, which substan- 
tially modifies the field applied externally and as a result 
strongly influences the carrier escape. A realization of 
a QD memory device with II- VI nanostructures is im- 
portant in view of the possibility of doping these QDs 
with magnetic ionsS.. Indeed, electrical manipulation of 
the quantum state of a single magnetic ion or a ferro- 
magnetically coupled system of ions would provide new 
schemes for quantum computation and quantum infor- 
mation storage^Tiii. 

The samples were grown by molecular beam epitaxy 
on a (OOl)-oriented GaAs substrate. A 4 /xm thick p- 
doped ZnTe buffer layer acted as a back contact. Us- 
ing a tellurium desorption procedureii^, a single layer of 
QDs was grown, separated from the back contact by a 
15 nm thick Zno.gMgo.iTe spacer layer. QDs were cov- 
ered with a 100 nm Zno.gMgo.iTe barrier and another 
Zno.7Mgo.3Te blocking barrier to prevent the escape of 



carriers to the surface. On top, a 10 nm thick, 20 /im x 
100 /im, semitransparent layer of Ti/Au was evaporated 
to form a Schottky contact. We note that this structure 
design is analogous to many InAs/GaAs charge-tunable 
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FIG. 1. Operation principles of our charge storage device. 
Top: Schematic of the laser and bias pulse sequence. Bottom: 
Corresponding band profiles. 

The operation principle of our device is presented in 
Fig. [TJ An optical excitation with a laser pulse of a con- 
trolled duration, t^rite in range between 20 ns and 1 ms, 
and repetition period between 200 ns and 10 ms, creates 
electron-hole pairs (excitons). The pulses are generated 
by modulating a cw laser beam with an acousto-optical 
modulator (AOM). The modulator is synchronized with 
a pulse generator used to apply the bias voltage. In this 
writing phase of the operation cycle, the device is under 
reverse bias VwrUe , which creates an electric field that de- 
creases the triangular barrier between the dots and the 
back contact, facilitating tunneling of holes out of the 
dots. As a result, the photons are converted into charge 
related to electron density in the QD layer. After the 
laser is switched off, the sample remains under reverse 
bias with the charge stored in the QDs. After a controlled 
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in range between 100 ns and 



9 ms, a forward readout bias Vread is applied, resulting in 
an injection of holes into the dots from the back contact. 
The resulting recombination is manifested by a distinct 
readout electroluminescence (EL) peak at tread- The du- 
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ration of the readout pulse is in range between 50 ns and 
5 ms. Temporal resolution of our write/store/read setup 
is about 10 ns limited simultaneously by the fall time of 
the AOM, the jitter of the generator, and by the char- 
acteristic time of the sample electrical response - deter- 
mined by its resistance and capacitance and monitored 
by electrical current measurement with a 500 MHz oscil- 
loscope. The duration of the readout EL is at least ten 
times shorter than the duration of the readout bias pulse, 
so we conclude that after readout the dots are emptied 
of any stored charge. The readout pulse therefore re- 
sets the device before the arrival of the next writing laser 
pulse. Light emission is detected by avalanche photodi- 
odes coupled to a 0.3 m monochromator. The width of 
the output slit is kept below 1 mm in order to investigate 
a small subensemble of dots. By tuning the detection 
energy, we access dots of different sizes, shapes and/or 
compositions. The signal is time-resolved by a multi- 
channel temporal analyzer providing temporal resolution 
down to 250 ps. We use two excitation wavelengths: 532 
and 472 nm, which correspond to excitation of the QDs 
below and above the Znp.gMgo.iTe barrier, respectively. 
The measurements are performed in temperature range 
between 12 and 20 K. 
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FIG. 2. Temporal QD luminescence traces for above (top) 
and below (bottom) barrier excitation for the write and read 
biases and read delay given in the annotations. 

Evidence for storage of electrons in the QDs is pre- 
sented in Fig. [5J The top and bottom traces correspond 
to the above and below barrier excitations, respectively. 
In both traces we observe a photoluminescence (PL) sig- 
nal during the illumination of the sample. Since the size 
of the laser spot on the sample (100 /ini in diameter) is 
larger than the area of the Schottky contact, this sig- 
nal results from the excitation of the uncovered part of 
the sample. In the case of the below barrier excitation, 
there is also some PL resulting from the competition be- 
tween hole tunneling and recombination. In that case 
however, apart from the PL, we detect a clear EL peak 
exactly at tread corresponding to the application of the 



read bias. In the case of the above barrier excitation, 
no EL peak is observed, virtually independent of Vwrite 
and VreaJ^- Indeed, when excited below barrier, the 
excitons are created directly in the dots. The reverse 
bias separates electrons from holes, resulting in a photon- 
to-charge conversion. On the other hand, excitons cre- 
ated with above barrier excitation are dissociated in the 
Zno.gMgo.iTe barrier and the electrons are dragged by 
the electric field towards the Zno.7Mgo.3Te blocking bar- 
rier interface. Since we do not observe any readout peak 
under the conditions of above barrier excitation, we con- 
clude that no charge is stored neither in the QD layer nor 
at the barrier/blocking barrier interfacoi^. 
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FIG. 3. Readout intensity as a function of the reverse write 
bias for three detection energies. Vread = 6 V, t^rite = 5 ^s, 
At= 10 fis. Lines are results of model calculations - see text. 
Inset: Ensemble PL spectrum with detection energies marked 
by arrows. The peak structure results from interferences in 
the buffer layer. 

The traces in Fig. [2] were collected for Vwrite = 
and Vread = 6 V, respectively^. Applying a stronger 
reverse write bias results in an acceleration of electron 
leakage from the dots. We demonstrate this behavior in 
Fig. [31 Increasing the reverse bias clearly suppresses the 
intensity of the readout peak. The dynamics of this de- 
crease is dependent on the QD confinement of the studied 
subensemble. We find that the readout peak is first sup- 
pressed for dots emitting in the high energy part of the 
ensemble PL (see circles in Fig. [3]), where we expect dots 
with a shallow confinement potential. This interpreta- 
tion is confirmed by the results of a theoretical model 
(lines in Fig. [3]) - see below. 

The readout peak intensity decreases also with increas- 
ing At. In Fig. m we present this temporal decay, which 
directly reflects the leakage of the stored charge. It is 
clear that the charge persists in the dots for as long as 10 
ms. The data in Fig. 5] was collected for the middle en- 
ergy subensemble (up-triangles in Fig. We suppose 
that the charge stored in a lower energy subensemble 
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(e.g. down-triangles in Fig. ^ persists for even longer. 
The thin line corresponds to a monoexponential decay 
and it is clear that the escape process we deal with can- 
not be described by such a model. Monoexponential de- 
cay implies a loss rate constant in time. We find that 
for short delays the leakage is faster than the exponent 
in Fig. m and substantially slower for long delays. We 
then conclude that the leakage mechanisms has a time- 
dependent efficiency, which has to be self-consistently re- 
lated to the density of the stored electrons. We propose 
that the leakage mechanism is electron tunneling out of 
the dots. Shortly after the excitation pulse, a large den- 
sity of stored electrons generates an electric field, which 
decreases the tunnel barrier. As electrons leak out, this 
electric field disappears and the barrier is restored result- 
ing in slowing down of the escape process. 
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FIG. 4. Readout intensity as a function of the time delay 
between the end of the writing phase of the experiment and 
the application of the read pulse, t^rite = 1 ms. Thin blue 
line represent a monoexponential decay with a characteristic 
time of 300 ns. Thick red line is a result of model calculations 
- see text. Inset: Dependence of readout intensity on the 
length of the write pulse with At = 10 us. In both cases 

Vwrite = V and Vread = 3 V. 

We check the proposed hypothesis by calculating 
the tunneling time tt through a triangular barrier in 
a semiclassical approach based on a Wentzel-Kramers- 
Brillouin approximation: tt{L,F,Ej) = 4TOeL^/fi ■ 
cxp (4 -^Z 2meEj /3eFh), where L, F, and Ei are the dot 
height, electric field, and ionization energy^. The mag- 
nitude of the electric field F depends not only on the 
applied bias U but also on the number of stored elec- 
trons n(t): F[U,n[t)) = {U -Ub)/w + en{t)/2eeo, where 
Ub is the built-in bias, w is the width of the space charge 
layer and e is the CdTe static dielectric constant. We 
assume that the readout peak reflects directly the num- 
ber of stored electrons, which satisfies the following time- 
dependent rate equation: 



dn{t) 



n{t) 



n{t) 



dt ' ,-^,<^^<=y, tr{tr-ead,t) tt{L , n{t) , E i) 

where G{a,tii,riteit) is a generation function with an ef- 
ficiency amplitude a and tr is the recombination time. 
We assume = oo in the storage phase, i.e. for t < tread 
and tr = 300 ps after the application of the read bias i.e. 
for t > treatT^- We fit the solutions of the above equation 
to the measured bias dependent readout intensity (Fig. 
[3]), to the time delay dependence data (Fig. U]) and to 
check the consistency of our model, to the dependence 
on t^rite (Fig. [3] inset). There are four fitting param- 
eters: L, Ej, a, and a multiplicative scale rj reflecting 
the collection efficiency of our setup. In the case of the 
bias dependent data (Fig. [3]), we perform the fitting si- 
multaneously for all three detection energies, keeping rj 
and L detection independent. In all cases, we find excel- 
lent agreement between the model and the experimental 
data. Values of the fitted parameters are summarized in 
Table [D Noteworthy, Ej decreases with increasing QD 
emission energy, as expected. The fitted QD height re- 
mains in agreement with the values obtained from TEM 
studiesi^. 
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TABLE I. Parametrs resulting from fitting of the data in Fig. 
El Fig. 21 and Fig. Uinset. T, A, and • denote three detection 
energies from Fig. |3l Data from Fig. [3] is fitted simultane- 
ously, with common rj and L. 



In summary, we have identified the tunneling as the 
major mechanism of electron leakage from our CdTe QD 
memory device. We have shown that the stored charge 
generates a time-dependent electric field, which decreases 
the tunnel barrier and influences the leakage rate. At 
the write bias used in the experiment, this optically gen- 
erated electric fleld is about one third of the one ap- 
plied externally. By calculating the tunneling time self- 
consistently, taking into account the electron leakage, we 
quantitatively reproduce the measured decay as a func- 
tion of time and bias 
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